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1 Introduction

Gravity waves drive important aspects of the global

stratospheric circulation, climate and chemical statg.(e.

Fritts and Alexander, 2003; Alexander and Rosenlof, 2003;

Mann et al., 2005), and thus are a focus area for SPARC.

The satellite remote sensors and global models so crucial

to increased understanding of larger-scale stratosphgric

namics have (until recently) lacked the necessary horaont

and vertical resolutions to resolve gravity waves and grav-

ity wave breaking. As a result, the observational record on _

stratospheric gravity waves has relied mostly on subdrbita =

observations at scattered locations around the globe. This

has motivated several SPARC activities: e.g., an initativ

record radiosonde data at higher resolution to resolve-grav

ity wave motions better (Vincent, 2003; Wang and Geller, O 200

2003), and field programs to observe and understand grav- -

ity wave generation from deep convection (Hamilton et al.,

2004). The Ir.]ablhty of global models to fully resolve gryi Fig. 1. Two-dimensional cross sections of modeled Channel 9

W_ave dyngmlcs has also Igd to SPAR(?-sponsored Worksho%eighting functions, plotted versus pressure, crosskéstancey”

aimed at improving subgridscale gravity wave parameteriza 5,4 along-track distanck for beam positions = 1. .. 15. Thick

tions for these models (Hamilton, 2004), and GRIPS studiesontours show half-power levels, which are projected tcstitéace

of the energy spectra of resolved dynamics in global modelso depict horizontal footprints. Other contours show thé790%

(Koshyk et al., 1999). and 99% levels. Dotted lines show line-of-sight ray patbsifithe
Advances in both computing power and remote-sensingoeaks in each weighting function to the satellite.

technology are now yielding higher resolution global model

fields and satellite data from the stratosphere that caricexpl

itly resolve some of the long wavelength “outer scales” of

the gravity wave spectrum (e.g., Hamilton et al., 1999; Wu et

al., 2005). Here we provide a preliminary report on the grav-

ity wave detection and imaging capabilities of the Advanced

pressure (hPa)
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(a) NOAA 15-17 Channel 9 AMSU-A Footprints

often resemble a global distribution of suborbital measure

B s

1400- BSSsecsssscacsesssoesat g ments, in the sense that they provide only a one-dimensional
= 12000 = :Ef}m:: CET cross section through three-dimensional wave fields. For
< B S8 Seeessenccesscses et 1 example, some limb instruments yield vertical temperature
g 1000 SRR e profiles with wave oscillations superimposed that resemble
2 800f ! S e e se oS essesaaas, === a sequence of radiosonde profiles (Eckermann and Preusse,
3 sool :Lm:*::: 1 1999; Tsuda et al., 2000). Others yield high-resolution-mea
= ; O O S 1 surements at a given altitude along the orbital track that co
5 400 S eSS sesssesaaea: E tain wave fluctuations, similar to aircraft data (Wu and Wa-
© 00k =S ’:m’}fi ek ters, 1996; Jiang et al., 2004).

ol S S S e oottt sssessssseseceen = cullh We need new generations of satellite instruments that can
1000 500 0 -500 -1000 improve upon these initial observations. Specifically, we
cross track distance (km) seek data with well-defined visibility characteristicsttpar-
(b) EOS Aqua Channel 9 AMSU-A Footprints mit meaningful physical interpretation of the wave sighals

14000 | O : I and that provide two-dimensional or even three-dimensiona
R views of the wave fields.
£ 1200- 4
< L
% 1000F .

% 8001 ] 3 Advanced Microwave Sounding Unit-A

2 B

- L 4

g 600- 1 The Advanced Microwave Sounding Unit (AMSU) is a pas-

2 400; , sive microwave scanner currently deployed on five different

® : satellites: the NOAA 15 through 18 meteorological satedlit
200 E (Kidder et al., 2000), and NASA's Earth Observation System

0] |

] (EOS) Aqua satellite (Lambrigtsen, 2003). The instrument
1000 500 0 -500 -1000 : . .
cross track distancé (km) scans across the satellite track in 30 sequential stepstand-
measurements at equispaced off-nadir scan angles between
Fig. 2. AMSU-A Channel 9 horizontal footprints traced out as a ﬁ;lgﬂ?fo.fwheicﬁl\?gﬁa;ﬁngzd; Ii:)agrtlet_’str? aeigzuLeer:':cert]é;hae?-a-
function of along-track and cross-track distances by theSAM ! h | . - i L P dp
A scanning measurements from (a) NOAA-15 through NOAA-17 ture channels measuring ing line emissions centered at

satellites and (b) EOS Aqua. Orange line shows the satghitend 57.29 GHz.

track. Green curves show the scanning pattern from righgfto To model how gravity waves might appear in AMSU-Ara-
acrossY as the satellite moves at alo, with footprints at each  diances, we've developed a simplified model of the AMSU-
beam positiory overlayed. A radiance acquisition that yields three-dimensional tem-

perature weighting functions, which we've validated again
more detailed modeling results: see Wu (2004) and Ecker-
2 Background and Motivation mann and Wu (2005) for complete details. Figure 1 shows
cross-sections of the derived Channel 9 weighting funstion
The stratosphere contains a spectrum of many gravity wavest 15 adjacent scan angles for the AMSU-A on the NOAA
which span a wide range of propagation directions and wavesatellites. They show radiances from the near-nadir beams
lengths. Those few remote-sensing instruments that have regyeaking at~80-90 hPa, while those at the largest scan angles
solved gravity waves to date do so only at the very longestpeak higher at-60-70 hPa due to the limb effect (Goldberg
wavelength portions of this spectrum, and thus measure onlgt al., 2001). Figure 1 also shows the horizontal measure-
a small fraction of the total wave variance. Furthermore, ment footprints, specified by 50% contours of the weighting
each instrument’s “visibility” to waves is generally a com- functions at the altitude of peak response. Figure 2a shows
plex three-dimensional function of channel, orbit positio how the scanning pattern and the 7.4 km selocity of
viewing direction and atmospheric location. To complicate the NOAA satellites maps these footprints into a pixelated
matters further, the wavelengths of individual gravity @av  two-dimensional radiance map with a cross-track width of
also vary significantly via refraction by the background flow ~2100 km. The lower orbit altitude of EOS Aqua yields
Thus, different waves are constantly moving into and out ofsmaller footprints and cross-track swath widths (Figure 2b
the narrow visibility windows of the instrument. Such ef-
fects have made these new gravity wave signals challenging
to analyze and to compare with model predictions (Alexan-4 Simple Forward Modeling
der, 1998; Jiang et al., 2004; Wu et al., 2005).
Furthermore, satellite gravity wave data acquired to dateEach AMSU-A measurementyields a brightness temperature
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Fig. 3. Relative brclré)ﬁ%r%reags t%%”;‘féﬁa’?&re perturbatlongro(ﬁé@j ﬁ?%fl%)) /TPEAK resulﬁﬁésftrrgrcn model NBAA AMSU-A Channel 9
sampling of (2) with\;, = 400 km,Az = 12 km, andy values of (a) 80, (b) 45, and (c) 350. The white vector at the center of each plot
shows the direction of horizontal wave propagatjariThe color scale is visibility expressed as a percentage.

by limb effects (Eckermann and Wu, 2005), Figure 3 pre-
dicts that this wave is imaged horizontally by the radiance

o0 oo Zsat .
Ts(X,,Y;) = / / / Wi(X - X;,Y -Y;,2) maps swept out by the AMSU-A scanning pattern.
—00 —o0 JO
7(

X.,Y,Z)dXdYdZ, (1)
) . . . 5 AMSU-A Measurementson 14 January 2003
that characterizes the radiance via the Rayleigh-Jeans ap-
proximation to the Planck function?'(X, Y, Z) is the at-  riq re 4 plots perturbations in Channel 9 brightness temper
mospheric temperature field, is pressure heightX andY aturesT]’g(S\j, éj), acquired by AMSU-A during overpasses

are along-track and cross-track distances. To assess-the igf Scandinavia by Aqua, NOAA-15, NOAA-16 and NOAA-
strument’s ability to detect gravity waves, we specified-infi ;- on 14 January 2003.’He(r§4 '

. . . . : s q@j) are the longitudes and
hite three-dimensional monochromatic gravity wave temper |54in des of the various measurement footprints. The pertu
ature oscillations

bations were extracted from raw radiances by computing and
then subtracting a large-scale radiance field (see Eckerman
et al., 2005, for details).

whereTppax is the peak temperature amplitude. We var- At ~0116 UTC and 0226 UTC, the perturbation maps are
ied the vertical wavelength, = 21 /|kz|, horizontal wave- essentially featureless, with values near nominal noisedlo
length \, = 27/ks, and horizontal propagation angje During the 0650 UTC NOAA-15 overpass, Figure 4c shows

with respect to the AMSU-A scan axes((Y, Z), where the first suggestions of a wavelike oscillation over souther
kx = £21/\x = kpcosg, by = £27/)\y ~ kp, sin o Scandinavia (note the change in color scale fetbth3 K to

andk,<0. We then used (2) as the temperature field in (1)+0-6 K in the maps at this time). In subsequent AMSU-A

and evaluated this integral numerically at each measuremerPVerpasses at 1033 UTC, 1221 UTC and 1229 UTC, this os-

location(X;,Y;) using realistic scanning patterns. C|IIat.|on grows in amplitude to a maximum 0.9 K. In
Figure 3 plots resulting NOAA AMSU-A perturba- the fmal two measurements at 1641 UTC and 2023 UTC the

tion brightness temperatureE, (X;,Y;) for a wave of amplitude weake_ns slightly, but also changesllt’s horlabn'g

An =400 km and\, = 12 km, propagating in three different structure, acquiring a Ionger_ wavelen.gth th_at is alignéd di

directions. The results are plotted as a normalized “Jisibi ferently and has a packet width that is noticeably more ex-

ity T0(X;,Y;)/Treax, and show peak values 6f13%. tended in the along-phase direction

Thus, a gravity wave of this type with a peak temperature am-

plitude Trr 4 k=5 K would yield oscillations in Channel 9

brightness temperatures ef0.65 K in amplitude, accord- 6 NWP Model Simulations

ing to the model. Since nominal Channel 9 noise floors are

~0.16 K (Lambrigtsen, 2003; Wu, 2004), this wave signal is A three-dimensional description of the wave temperature

(theoretically) large enough to appear in the measurementsfield is needed to model the AMSU-A radiance signal. Thus
Though the response is not always uniform across thewve analyzed output from high-resolution numerical weather

swath and some distortion of wave phase lines is producegrediction (NWP) models that might resolve any wave-

T/(X,Y,Z)ZTPEAKCOS(kxX+kaY+k2Z), (2)

www.atmos-chem-phys.org/0000/0001/ Atmos. Chem. Phys., 0000, 0001-7, 2005
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NOAA-16 0226 UTC

5 pled Ocean/Atmosphere Mesoscale Prediction System
w%i (COAMPS™: Hodur, 1997).

All the model runs were initialized on 13 January 2003
at 1200 UTC. Further details are given in Eckermann et
al. (2005). Each model run brought something unique to
L ' this study. For example, the high spatial resolution of the
@N L COAMPS fields was expected to be sufficient to model any
fo m%f waves AMSU-A might resolve, whereas the lower resolution
5 NOGAPS-ALPHA and ECMWEF IFS global fields were ex-
pected to resolve waves but underestimate their amplitudes
2 ke (Skamarock, 2004). Yet unlike the global models, COAMPS
SeE ,,_:mm‘:_g-g}‘,g*;. could not produce output over the full geographical range of

R AMSU-A data plotted in Figure 4, nor to middle and upper
stratospheric altitudes.
L %5 The upper two rows of Figure 5 plot temperature pertur-

bationsT’(\, ¢,p) atp = 90 hPa extracted from the three
NWP models’ +24 hour forecast fields, valid at 1200 UTC
on 14 January. They show a mountain wave oscillation over
southern Scandinavia with a geographical extent and phase
structure that resembles the 1200 UTC AMSU-A data in Fig-
(9) NOAA-15 1641 UTC (h) NOAA-17 2023 UTC
s %ﬁ ures 4e and 4f. . _ _
The bottom panels of Figure 5 plot altitude cross-sections
of the temperature fields along the horizontal black ling-plo
ted in the panels above. Each model produces a similar-
= looking mountain wave oscillation that grows in amplitude
i Min = 0778 K up to 10 hPa and beyond. The horizontal wavelengths
~400 km and vertical wavelengtty, is ~12 km.

Fig. 4. AMSU-A Channel 9 brightness temperature perturbations

Th (s, 65) in Kelvin: for panels (a) and (b), the range49.3K, 7 Conversion to Brightness Temper atures
for panels (c)-(h) the color bar range49.6 K. The panels are

arranged in chronological order: the universal time antfqian of We convert the NWP temperature fields into synthetic Chan-
each overpass is given in each plot title. Data are pIottmi?hB- nel 9 brightness temperaturé&;pr(}j, ng) by numeri-
cod_ed footprint ellipses at the mea_surement location. Wiutvgs cally evaluating (1) on the sphere using the actual AMSU-A
outline tgese. r.neasure:nemffomp”ﬂts for everyhtenth.sagfx'l' scan patterns over Scandinavia, using methods outlined by
mum and minimum values Tor each map are snown In the lower- " .
right portion of each panel. We applieg) 3x3 point smoothing t Eckermann et a}l. (2005). We t[\en |splate brightness temper-
suppress gridpoint noise. ature perturbationg; . ();,¢;) using exactly the same
data reduction algorithms that we applied to the radiantze da
to produce Figure 4.
induced temperature perturbations in the stratosphere ove Figure 6 plots resuItingTBNWP(f\j,éj) fields using
Scandinavia at this time. We used: 1200 UTC NWP fields profiled in Figure 5, based on the
1221 UTC NOAA-16 and 1229 UTC EOS Aqua overpass
(a) archived 6 hourly operational forecast fields from the scans, whose data are reproduced in the far right panels.
European Centre for Medium-Range Weather Fore-a|| 3 NwWP models reproduce a wave oscillation over south-
casts (ECMWF) Integrated Forecast System's (IFS)em Scandinavia with similar amplitude, phase and packet
TL511L60 global spectral model (Untch and Hortal, stryctures to those measured by AMSU-A. Figure 7 plots
2004). Tsywr (Aj, #;) maps based on the closest hourly NOGAPS-

(b) hourly hindcast fields from a developmental T239L60 ALPHA fields to each corresponding measurement in Fig-
version of the Navy Operational Global Atmospheric ure 4. The structure in each panel of Figure 7 resembles

Prediction System (NOGAPS) global spectral forecast!@t séen in the AMSU-A data in Figure 4, especially the
model with Advanced Level Physics and High Altitude evolution of the resolved wave pattern from 0700 UTC to

(NOGAPS-ALPHA: Eckermann et al., 2004). 2000 UTC, though amplitudes in Figure 7 are somewhat
weaker. Corresponding maps using COAMPS temperatures

(c) hourly hindcast fields from a nested 10x10%hind- (not shown) yield larger amplitudes that are closer to the ob
cast run using the Naval Research Laboratory Cou-servations.

Atmos. Chem. Phys., 0000, 0001-7, 2005 www.atmos-chem-phys.org/0000/0001/
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Temperature Perturbations at 90 hPa: +24 hour forecast for 14 January 2003 at 1200 UTC
(a) ECMWF IFS (T511L60)  (b) NOGAPS-ALPHA (T239L60) (c) COAMPS (10x10 km Nest)

(@) ECMWFE IFS ([o11L60) (e) NOGAPS-ALPHA (1239L60 UX10 Km Nest)
. 3 .
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Fig. 5. Top row plots temperature perturbatioﬁé(&q@,p) atp = 90 hPa extracted from +24 hour forecasts from ECMWF IFS (left
column), NOGAPS-ALPHA (middle column) and COAMPS (righttwmn) runs. See color bar in the lower-right corner of eachepa
for temperature range. Middle row plots same fields, but nmsu$ed over southern Scandinavia. Contour interval is 1d{tdi row of
plots show altitude contours @' (\, ¢, p) along the horizontal cross section plotted as black curwbenpanels above. Negative (cold)
temperature anomalies are blue, positive (warm) temperamomalies are red, and the contour interval is 2 K (zerdocwns omitted).
Cross-sections of topographic surface elevations areeshiadyray. Panel j shows AMSU-A Channel 9 1D vertical weigtiunctions at
the near-nadir position (solid) and far off-nadir posit{diotted).

nwp

(a) ECMWF IFS 1200 UTC (b) NOGAPS-ALPHA TBuwn 1200 UTC (c) COAMPS T, 1200 UTC (d) AMSU-A NOAA-16 1221 UTC

nwe

(f) COAMPS Tvs,,,,,,p 1200 UTC

Fig. 6. Top row: brightness temperature perturbatidfgstp(Xj,quj) extracted from 1200 UTC (+24 hour) NWP temperature fields
T(S\,é,p) from (a) ECMWEF IFS, (b) NOGAPS-ALPHA, and (c) COAMPS runsjngsthe AMSU-A scan pattern from the NOAA-16
1221 UTC overpass. The data from Figure 4e are replottedrialgh Bottom row shows same sequence of plots for the 1229 BOS
Aqua overpass. Gray squares in (c) and (f) show the regioB&MPS domain. Color bar scale-Q.6 K) is given at the top-left of panel a.
Maximum and minimum values for each map are shown in the lgigét portion of each panel.

www.atmos-chem-phys.org/0000/0001/ Atmos. Chem. Phys., 0000, 0001-7, 2005
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PHA T, 0200 UTC

(a) NOGAPS-ALPHA T, 0100 UTC (b) NOGAPS-
S =T f77

comparisons like these among gravity wave fields explicitly
resolved by models and satellite instruments should help to
improve our understanding and description of stratospheri
gravity wave dynamics.

The modeling results also suggest that other current and
future cross-track scanners have resolutions comparable t
or better than AMSU-A that should allow them to resolve
and image stratospheric gravity waves too. Examples on
the microwave side are the Special Sensor Microwave Im-
ager/Sounder (SSMIS) on the Defense Meteorological Satel-
lite Program (DMSP) satellite, and the Advanced Tech-
nology Microwave Sounder (ATMS) and Conical Scanning
B iy Microwave Imager/Sounder (CMIS) slated to fly on the
() NOGAPS-ALPHA T, 1200 UTC National Polar-orbiting Operational Environmental Sitel

= IR System (NPOESS). Another interesting example is the Ad-
vanced Infrared Sounder (AIRS), which operates in comani-
fested form with AMSU-A on EOS Aqua with a scan pattern

R of 90 sequential step and stare measurements with horizon-
ax = 0.436 K. tal footprint diameters three times smaller than AMSU-A.
s These properties should allow AIRS to image smaller hori-
zontal wavelength gravity waves than AMSU-A.

(h) NO(EAPS-ALPHA 7;;" 2000 UTC
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